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Abstract 
The purpose of this study was to evaluate the microstructural and mechanical properties of poly (Lactide-co-Glycolide) (PLGA) 
and PLGA/ Hyaluronic acid (Ha)/ Fibrin (F)/ Bioactive glass (BG) nanocomposite scaffolds for cartilage tissue engineering. 
Nanocomposite scaffolds composed of PLGA/ Ha/ F/ BG, containing different amounts of Ha, F, and BG nanoparticles were 
prepared via solvent casting and particulate leaching (SC/PL) techniques. Characterization techniques such as Fourier transform 
infrared spectroscopy (FT-IR), Scanning electron microscopy (SEM), Transmission electron microscopy (TEM) and X-ray 
diffraction (XRD), were performed. Furthermore, mechanical properties of the PLGA and nanocomposite scaffolds were 
determined. The results revealed that the scaffolds contain sufficient porosity with highly interconnected pore morphology. 
Desired distribution of BG nanoparticles with a few agglomerates was observed in the nanocomposite scaffolds by microscopic 
techniques. Increase the amount of fibrin enhanced compressive modulus and compressive strength of the nanocomposite 
scaffolds. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Defective articular cartilage (AC) has very poor ability to self-repair due to its avascular, low metabolic and 
aneural tissue. Cartilage rehabilitation procedure is a thorny clinical issue which current therapeutic trials for the 
lesions restoration include abrasion, drilling, mosaicplasty, microfracture, osteochondral grafting and autologous 
chondrocytes implantation (ACI). This strategies couldn’t return the normal cartilage functions and formation the 
neo-tissue. Moreover, in all of them fibrocartilage tissue formation is not pending away, Wang et al. (2010).  Since, 
an alternative treatment entitled regenerative medicine or tissue engineering (TE) offers great opportunity like on the 
tissue repair. Biodegradable scaffolds are the first requirement which provided spatial structure and environment 
similar to extracellular matrix for cells growth and tissue in-growth, Garg et al. (2012), with broad group of materials 
consist of inorganic materials to synthetic polymers, Mekala et al. (2013). PLGA is a FDA-approved biomaterial 
with good biocompatibility, has been used extensively in orthopedics and pre-clinical trials, Gentile et al. (2014). 
Synthetic materials have two drawbacks; high cost and insufficiency cellular adhesion ability, Dumitriu (2001). By 
contrast, biological polymers consist of hyaluronic acid, collagen and so on has valuable characteristics, such as 
noticeable biocompatibility, biodegradability, differentiated cell phenotype, well cell expansion, and little toxicity of 
the stem cells. Ha is a major component of synovial fluid with a valuable ability to support chondrocytes and 
mesenchymal stem cells (MSCs) in tissue regeneration. Likewise, it interacts with receptors on the surface of cells 
and thus let to enhance cells biological activities, Collins et al. (2013). Fibrin, clinically applied as fibrin glue, is 
another naturally polymeric material with high plausibility performance in order to soft and hard tissue 
reconstruction purposes (e.g., bone & articular cartilage abnormalities), Rahaman et al. (2011). In recent years, 
researchers have been tend to fabricate hybrid scaffolds from synthetically and naturally derived polymeric materials 
due to high regeneration potential in the context of regenerative medicine, Khang et al. (2003). 45SBG, synthesized 
via sol-gel method, is a material with immense biological activity with its high application potential in tissue 
regeneration such as bone, lung and other organs leads to manipulate this bioceramic as a filler or coating with 
polymers, Boccaccini et al. (2005). Nowadays, numerous techniques existed to confect porous scaffolds for 
regenerative medicine, such as thermal-induced phase separation (TIPS), electrospinning, gas foaming, SC/PL, and 
some combined or modified process of the above, Ma and Elisseeff (2005). In this research, it was the first time that 
novel hybrid nanocomposite scaffolds consist of biodegradable polymers and a bioceramic phase were fabricated to 
make a promising construct for repairing defective cartilage tissue.    
Nomenclature 
AC Articular Cartilage 
TE          Tissue Engineering 
2. Materials and methods 
2.1. Materials 
PLGA copolymer (RESOMER® RG 504H, PLGA; 48/52wt% poly (lactide)/ poly (glycolide); inherent viscosity 
0.45-0.60 dl/g (25 ºC; 0.1% in chloroform) were purchased from Resomer Boehringer Ingelheim, Germany.Ha 
sodium salt from streptococcus equi were purchased from Sigma-Aldrich Co. Methylene chloride (CH2Cl2, 
M=84.93 g/mol), tetraethlorthosilicate (TEOS: Si (OC2H5)4), triethylphosphate (TEP: C6H15O4P), calcium nitrate 
tetra-hydrate (Ca(NO3)2.4H2O), hydrochloride acid (HCl) were purchased from Merck Inc. The sodium chloride 
(NaCl) extra pure salt were purchased from Sigma-Aldrich. Cryoprecipitated Antihaemophilic Factor 
(Cryoprecipitated AHF) and fresh frozen plasma (FFP) was prepared from the Blood Transfusion Organization, 
Isfahan, Iran. Calcium gluconate 10% was purchased from pharmacy.    
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2.2. Methods 
2.2.1. 45SBG synthesis 
 
45SBG nanoparticles with a glass composition of 44.5mol% SiO2, 48.1mol% CaO and 3.5 mol% P2O5 has been 
synthesized via so-gel technique, Mortazavi et al. (2010). In order to prepare 45SBG nanoparticles ingredient 
materials such as deionized water, tetraethoxysilane (TEOS; Merck), triethyl phosphate (TEP; Merck), calcium 
nitrate tetrahydrate (Merck), ethanol, and 2N hydrochloric acid were used. Briefly, alcoholic media consisting of the 
sufficient volume ratio of TESO (15.6 ml) and ethanol (50 ml) mixing and stirring at room temperature for 30 min 
with 2N hydrochloric acid (2.5 ml) and deionized water (15 ml) to create translucent liquid. Then, the solution 
mixed with proper amount of TEP (0.5 ml) and stirred for another 20 min. Afterwards, the solution was mixed with 
calcium nitrate (19.8 g) and stirring for an additional hour. Finally, ageing and drying processes were performed at 
60 ºC for 52h and dried at 130 ºC for 48 h, respectively. Furthermore, calcination procedure was done for 1h at 600 
ºC. The fabricated samples were ground with a mortar and pestle in order to preventing agglomeration of the 
nanoparticles. 
2.2.2. Fibrin preparation 
 
FFP pocket was placed into bain marie for 30 min at 37 ºC. Then, mixture of FFP (16 ml) with calcium gluconate 
(10 ml) were prepared and casted in falcon tube in order to incubate for 90 min. Then, the mixture centrifuged with 
2200 rpm for 10 min. After centrifugation, the supernatant clear liquid accumulated in falcon tube was decanted for 
thrombin preparation. Fibrinogen were extracted from cryoprecipitated antihaemophilic factor (AHF) pocket by 
heating it in bain marie for 20 min at 37 ºC. Finally, the equal mixture amount of thrombin and fibrinogen will be 
lead to fibrin clot formation, Yang et al. (2008). 
2.2.3. Fabrication and characterization of the nanocomposite sacffolds 
 
3-D PLGA scaffold have been prepared via SC/PL techniques using methylene chloride, as previously described 
with few modifications, Sha'ban et al. (2008). Briefly, polymer/ solvent solution (8% w/v concentration of PLGA in 
methylene chloride) were casted in cylindrical silicon moulds (9 mm in diameter and 3 mm in height) which was 
filled with sodium chloride salt particles (NaCl) (approximately 180 µm particle size) as porogen. Then, the 
scaffolds were dried in room temperature for 24 h. In order to leach out the NaCl particles, samples were immersed 
(soaked) in deionized water for 3 days. During this period, water was renewed three times. Ultimately, the samples 
were freeze-dried at -80 ºC for 48 h in a freeze-dryer (Christ Alpha2_4Ld Plus, Germany) to produce highly porous 
construct with no solvent remaining in their structures. PLGA/ Ha/ F/ 45SBG nanocomposite scaffolds were 
prepared via different amounts of Ha, fibrin, and 45SBG nanoparticles. PLGA scaffolds were coated with 
suspensions of Ha/ F/ 45SBG containing different amounts of the components. PLGA and nanocomposite scaffolds 
were named as sample 1, 2, 3, and 4, respectively. The weight percentages of Ha, F, and 45SBG nanoparticles are 
shown in table 1. Afterwards, the scaffolds were dried in room temperature for 5h. Finally, prepared porous 
nanocomposite scaffolds were stored under vacuum in a desiccator before they were used for any tests. 
 
                                                                   Table 1. The components of the nanocomposite coatings on PLGA scaffolds. 
Sample          Ha (wt. %)          F (wt. %)          BG (wt. %) 
S2                       50                      25                    25 
S3                       25                      50                    25 
S4                      10                       80                    10 
 
In order to calculate the porosity of the PLGA scaffold, liquid replacement method, were used, Ginjupalli et al. 
(2014). In brief, weighed PLGA scaffold were immerged in a graduated cylinder containing of ethanol with specific 
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volume (V1) for 2 h. serially evacuation-repressurization cycles at room temperature and vacuum condition were 
performed to penetrate the ethanol into the construct. Then, total volume of the soaked scaffold was determined as 
V2. (V2-V1) was the volume of the PLGA scaffold. Thereafter, V3 was recorded by removing the ethanol-soaked 
scaffold and calculate the residual ethanol volume. The pore volume of the scaffold recorded by measuring the 
ethanol volume remain in the PLGA structure, was defined as (V1-V3). At the end, porosity percentage of the 
scaffold was calculated using equation (1): 
Porosityሺ%ሻ= (Vͳ-V2) (V2-V3)ൗ *100                                                                                                         (1)   
At the end, Morphological and microstructural properties of the PLGA and nanocomposite scaffolds were 
determined using transmission electron microscopy (TEM) (Philips EM208S, Holland) and scanning electron 
microscopy (SEM) (Philips XL300, Holland). Likewise, X-ray diffraction (XRD) (Philips PW1800, Holland) was 
used to determine the phases of the scaffolds. Fourier transform infrared spectroscopy (FT-IR) (FT Infrared 
Spectroscope, JASCO, FT/IR-6300 (400-4000 cm-1), Japan) was used to obtain chemical bonds of the PLGA and 
nanocomposite scaffolds. Mechanical properties of the PLGA and nanocomposite scaffolds were determined by 
electromechanical universal testing machine (HCT 400/25, Zwick/Roell, Germany) at 25 ºC. Mechanical properties 
of the nanocomposite and PLGA scaffolds were measured via standard disc-shaped specimens according to the 
ASTM F451-86 standard. In order to decrease the friction and buckling of the specimens, the height-to-diameter 
ratio of the samples to be considered 1:1 (Height = 10 mm, Diameter = 10 mm). Three samples for each 
nanocomposite scaffolds, were tested. Indeed, mechanical properties were calculated at 10% strain. 
3. Results and discussion 
3.1. Morphological, microstructural, and physical properties of nanocomposite scaffolds 
Figure 1 shows the SEM photomicrographs of the PLGA and nanocomposite scaffolds. The PLGA scaffold 
illustrated high porosity with well-interconnected porous structure (fig. 1a). The pore distribution within the PLGA 
scaffold was approximately uniform. Porous PLGA scaffold had two characteristics; (i) macropores and (ii) 
presence of micropores on the wall of the macropores. Researchers demonstrated that the salt weight fractions are 
essential key to obtain porous scaffolds with high porosity, Liao et al. (2002). This structures had ideal amount of 
open pore and porosity due to the attendance of the porogen particles in its structure. In this regard, research showed 
that, the presence of open pore with interconnected morphological shape can be modified the migration, attachment, 
proliferation, and differentiation of the chondrocyte cells, Dorati et al. (2010). As seen from SEM images, porosity 
percentage alleviated with increasing the reinforcements contents specially fibrin contents from 25 wt. % up to 80 
wt. %. In the presence of 25 wt. % fibrin, the porous structure of the nanocomposite scaffold was similar to that of 
the PLGA scaffold (fig. 1b). Whereas, samples with higher amounts of fibrin (up to 50 wt. %) demonstrated less 
interconnectivity pores structures and low porosity than the other scaffolds (fig. 1c and fig. 1d). The porosity 













Fig. 1. SEM photomicrographs of the nanocomposite scaffolds: (a) S1; (b) S2; (c) S3; (d) S4. 
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Figure 2. Displayed TEM micrograph of 45SBG distribution. The particle size of the 45SBG is less than 150 nm. 








3.2. FT-IR assay 
FT-IR spectra of the PLGA, and Ha powders and 45SBG nanoparticles, PLGA and nanocomposite scaffolds 
were observed in fig. 3. As can be seen, the main functional groups peaks of PLGA represented, consist of -CH, -
CH2, -CH3 (2800-2950 cm-1), C-O (1066-1125 cm-1), ethyl -CH2 (1420 cm-1), carbonyl -CO (1700-1760 cm-1), and –
OH (3250-3500 cm-1), Nazemi et al. (2014). The FTIR spectra of Ha showed carboxyl amide I group C=O (1411 
cm-1), C-O-C (451 cm-1), and N-H (3412-3437.15 cm-1) stretching vibration of the N-acetyl side chain, Wu et al. 
(2012), Reddy and Karunakaran (2013). The scaffolds containing 45SBG nanopoarticles displayed silicate network 
including of Si-O symmetric stretching of bridging and nonbridging oxygen atoms, Si-O-Si symmetric and 
asymmetric stretching at 726, 812, 986, and 1131 cm-1, respectively. The band positioned at 513 cm-1 was related to 
the asymmetric vibration of PO43-, Nazemi et al. (2014), Theodorou et al. (2011). On the basis of FT-IR spectra of 
fibrin, characteristic amide absorption bands were located at 1550 cm-1 and 1240 cm-1 that belongs to amide II and 
III groups, Devi et al. (2011). In addition, our studies demonstrate that all main functional peaks of components in 











3.3. XRD analysis 
Microstructural evaluation of the scaffolds was carried out by XRD analysis. The XRD patterns of the PLGA and 
Ha powders, 45SBG nanoparticles, PLGA and the nanocomposite scaffolds were displayed in fig. 2. Amorphous 
structure of 45SBG and PLGA scaffold was confirmed by XRD. In addition, the nanocomposite scaffolds XRD 
patterns exhibited peaks belonging to Ha and F. Furthermore, our studies indicated that increasing the fibrin content 
from 25 wt. % to 80 wt. % resulted in hiding the other materials peaks. 
Fig. 3. FT-IR spectra of the PLGA and nanocomposite. 
Fig. 2. TEM image of 45SBG nanoparticles distribution. 














3.4. Mechanical properties 
Figure 5 shows the values of compressive strength and compressive modulus of the PLGA and nanocomposite 
scaffolds. Compressive modulus and compressive strength of PLGA scaffold were 4.87 MPa and 0.15 MPA, 
respectively. By increasing the amount of fibrin in the nanocomposits (25 wt.%, 50 wt.%, and 80 wt.%) compressive 
strength increased by about 20%, 30%, and 40% and compressive modulus increased by about 15%, 25%, and 40%, 
respectively. In fact, in tissue engineering, tunable mechanical properties (e.g., structural integrity after 
implantation) are necessary requirements. Mechanical properties of PLGA scaffold were alleviated owing to the 
presence of micropores and macropores and also high porosity level of its microstructure (Fig. 1a). In other samples, 
however, mechanical properties improvement could be related to the porosity percentage decrease by coating the 
scaffolds with fibrin glue. As it can be observed from Fig. 1 b, c, and d many pores were filled with fibrin glue. 
Likewise, it was reported that mechanical properties can be enhanced with increasing the amount of bioceramic 
fillers up to a definite level in the scaffolds, Diba et al. (2012). Researchers confirmed that fibrin and modified Ha 
can act as a cross-linking agent to increase mechanical properties of tissue engineered porous constructs, Snyder et 
al. (2014). Therefore, fibrin performs as a reinforcement agent and it modifies the compressive modulus and 








Novel 3-D nanocomposite scaffolds containing PLGA, Ha, F, and 45SBG nanoparticle were fabricated via 
SC/PL techniques and the effects of additive agents especially fibrin on their mechanical properties were 
investigated. Results of this study indicated that pure PLGA scaffold have high porosity level and interconnected 
pore microstructure. Furthermore, increasing the coating agents to the PLGA scaffold in order to prepared 
nanocomposite scaffolds especially fibrin amounts and to a lesser extent 45SBG within scaffolds structure could be 
Fig. 4. XRD analysis of PLGA scaffold, nanocomposite scaffolds, and their additives. 
Fig. 5. Mechanical properties of the samples: (a) Compressive modulus; (b) Compressive strength:  ⃰ P<0.05, ⃰⃰⃰  ⃰ P<0.01, ⃰  ⃰  ⃰ P<0.001. 
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improved the compressive modulus and compressive strength than the PLGA scaffold, which could be promised a 
way to defective tissue. 
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